Abstract-The effects of epinephrine and dinitrophenol (DNP) on Cat+-fluxes and energy metabolism were compared in isolated rat hepatocytes and perfused rat livers. Epinephrine increased the cytosolic free Ca2+ concentration ([Ca2+]i), with Ca2+ being extruded into the extracellular space.
The free Ca 2+ concentration in the cytosol ([Ca2+];) of most cells is usually maintained at a level three to four orders of magnitude lower than the extracellular Ca2+ concen tration (1) (2) (3) , and this intracellular Ca2+ homeostasis is regulated by Ca2+ transport systems in the plasma membrane, endo plasmic reticulum and mitochondria (4-6). Various hormones regulate a wide variety of cellular functions by changing [Ca2+] ;. In the liver, a,-adrenergic agonists, vasopressin and angiotensin II, appear to cause an increase of [Ca2+] ,which leads to the activation of glycogenolysis through activation of phos phorylase kinase (7-9). In addition, pertuba tion of intracellular Ca2+ homeostasis has been detected when necrotic changes of liver cells were produced by various hepato toxins or ischemia (10-12).
In regard to the hormone-stimulated in crease of liver [ Materials and Methods Animals: Male Slc-Wistar strain rats (9-10 weeks old), weighing between 240-270 g and having free access to food, were used. Preparation of isolated hepatocytes and per fusion of the isolated livers were carried out between 9:00 and 13:00 to minimize diurnal fluctuation.
Materials: 2,4-Dinitrophenol was pur chased from Nakarai Chemicals, Ltd. (Kyoto). Adenine nucleotides and collagenase were obtained from Boehringer Mannheim GmbH (Mannhein), and fura-2 AM was from Wako Pure Chemical Industries (Osaka). TSK gel DEAF-2SW was purchased from Toyo Soda Manufacturing Co., Ltd. (Tokyo). Sources of other materials have described previously (13).
Measurement of glucose production, Ca2+ efflux, and oxygen uptake in isolated per fused liver: Livers of fed rats were perfused with Krebs-Henseleit bicarbonate buffer with or without 1.3 mM CaCl2 as described previ ously (13). Glucose and Ca"' concen trations in the perfusate were determined using the glucose oxidase method and a Ca2+ selective electrode, respectively, as previ ously described (13). The oxygen con sumption was measured with a Clark-type oxygen electrode.
Preparation of isolated hepatocytes: Rat liver parenchymal cells from fed rats were prepared according to the method of Tanaka et al. (18) . The viability of the hepatocytes thus obtained routinely was 90-99% ac cording to monitoring by trypan blue ex clusion. Hepatocytes were suspended at 3x106 cells/ml in Hepes-buffer medium consisting of 134 mM NaCI, 4.7 mM KCI, 1.2 mM KH2PO4, 1.2 mM MgSO2, 1.3 mM CaCl2, 5 mM NaHCO3 and 10 mM N-2-hydroxy ethyl piperazine-N'-2-ethane sulfonic acid (Hepes, pH 7.4). The medium was sup plemented with 40 mM glucose which sup pressed basal phosphorylase activity (19).
Measurement of cytosolic free calcium in hepatocytes: Cytosolic free calcium was measured with the fluorescent Ca2+ indicator fura-2, essentially as reported by Grynkiewicz (20). Isolated hepatocytes were preincubated in Hepes buffer medium supplemented with 3 W fura-2 acetoxymethylester (fura-2 AM, added from a 1 mM stock solution in dime thylsulfoxide) for 15 min at 37'C under an atmosphere of 95% 02 5% CO2. The cells were then washed by centrifugation at 50 x g for 1 min and resuspended to 3x106 cells/ml in fresh Hepes-buffer medium containing or not containing 1.3 mM CaCl2. The cells were washed twice and finally resuspended in the same fresh buffer. Control cells were similarly treated, except that dimethylsulfoxide without fura-2 AM was present during the loading period. After incubation of the cells for an additional 5 min at 37°C, fluorescence intensities were measured at 510 nm with two excitation wavelengths, 340 nm and 380 nm, using a CAF-100 Ca2+ analyzer (Japan Spectroscopic Co., Ltd.) equipped with a magnetic stirrer and a thermostated cell holder, and the intensity ratio of 340 to 380 nm in the excitation wavelength was calcu lated as described previously (20) .
Measurement of phosphorylase a activity and ATP contents in hepatocytes: The cell suspension (3.3x106 cells/ml) was first in cubated for 1 5 min at 37'C in the Hepes buffer medium under an atmosphere of 95% 02 5% CO2. After this preincubation, the re sulting cell suspension (0.45 ml) was further incubated with 50 ,eI of a test drug dissolved in physiological saline at 37°C for 2 min. The reaction was terminated by immersing the incubation tube into dry ice-acetone. Phosphorylase activity was measured as de scribed previously (13). For the measurement of ATP content in hepatocytes, the frozen hepatocytes were homogenized in 1.5 ml perchloric acid (0.5 N). The homogenate was centrifuged for 5 min at 2000xg and the supernatant (1.0 ml) was neutralized with 5 N KOH (75 /fl) and then mixed with 0. 
Results

Epinephrine
and DNP-induced changes in phosphorylase activations and ATP con tents: Phosphorylase activity and ATP con tents in isolated hepatocytes were determined after the addition of various concentrations of epinephrine and DNP. Phosphorylase was activated by epinephrine and DNP concen tration-dependently in the range of 1 x10-8 I X 10-4 M and 1 X 10-5-1 x 10-3 M, respec tively (Fig. 1 ) . ATP contents in hepatocytes decreased gradually with increasing concen trations of DNP, in contrast with the phos phorylase activation, but the change in ATP level by epinephrine was not observed (Fig.  1 2C ). On the other hand, the addition of DNP (0.1 mM) produced a rapid increase in [Ca2+]i, and its maximal level was maintained for more than 10 min ( Fig. 2A) . DNP-induced increase in [Ca2+]i was not affected markedly by the extracellular Ca 21 or prazosin (Fig. 2, B and C). Figure 3 indicates the relationship be tween the concentration of epinephrine or DNP and [Ca2+]i. The maximal increase of [Ca 2+]I by DNP was much larger than that by epinephrine, although the maximal acti vation of phosphorylase a activity was almost the same in both assay systems (Fig. 1) . Effects of epinephrine and DNP on glucose output and Ca 2+ efflux in isolated perfused liver: Isolated liver was perfused with an ox ygenated Kerbs-Henseleit buffer containing 1.3 mM Ca2+, and infusion of epinephrine at 20 nM for 3 min to the liver resulted in an increase in oxygen consumption and glucose output (Fig. 4A) . The epinephrine-induced glucose output and oxygen uptake were observed even in the Ca2+-free perfusion system. Interestingly, epinephrine-induced Ca2+ efflux from the liver was detected in the Ca2+-free perfusion system associated with the stimulation of glucose output (Fig. 4A) .
DNP also increased the glucose output and oxygen uptake in isolated perfused liver (Fig.  4B) . Addition of DNP to the liver caused a rapid increase in the oxyen consumption, while the glucose was released slowly after the DNP addition, and although the amounts of the glucose outputs induced by DNP (0.1 mM) and epinephrine (20 nM) were almost the same, DNP-induced oxyen consumption was much larger than epinephrine-induced consumption (Fig. 4B) . The actions of DNP were observed dose-dependently in the range of 0.05 mM-0.2 mM and was not influenced markedly by the extracellular Ca2+ (data not shown). However, in this case, Ca2+ efflux was not observed even if DNP was infused at 0.2 mM (Fig. 4B) .
Effect of DNP on glucose output from isolated perfused livers pretreated with epinephrine: In order to discriminate between the epinephrine-responsive and DNP responsive intracellular Ca2+ store, we ex amined the effects of DNP and epinephrine on glucose output from the isolated perfused liver. Epinephrine-dependent responses such as glucose output, Ca2+ efflux and oxygen consumption were gradually reduced with repetitive pulse infusion of epinephrine into the isolated livers perfused with Ca2+-free buffer, and these responses were all inhibited to approximately the same degree. Although epinephrine-dependent responses were virtually abolished after the third epinephrine pulse, DNP-dependent glucose output could be detected, but Ca2+ efflux was not observed in the same liver in the absence of extracel lular Ca2" (Fig. 5) . Effluent Ca 2+ concentrations (lower panel, solid lines) were monitored with a Ca 2+_ selective electrode. To measure Ca 2+ concentration, the perfusion medium was changed to Ca2t-free buffer at 25 min.
Discussion
[Ca2+]; is generally measured using the fluorescent Ca2+ indicators quin2 and fura-2, with the latter being much better because its fluorescent intensity is not influenced by cell size or its intracellular concentration (20). We used fura-2-loaded hepatocytes to check the intracellular mobilization of Ca2+, which in dicated the increase of [Ca2+]i by the addition of epinephrine or DNP (Fig. 2) .
Addition of epinephrine caused a rapid in crease in [Ca2+] ; within a few seconds after the addition followed by gradual decline (Fig.  2) . Prazosin, a,-adrenergic antagonist, inhi bited both epinephrine-dependent [Ca 2+]i increase (Fig. 2) and glycogenolysis (13), which agrees with the general concept (22). The magnitude of the transient Cal' rise was not markedly influenced by the removal of extracellular Ca2+, suggesting that almost all of the initial increase in [Ca2+] was mobilized from the intracellular Call store. Moreover, the exact behavior of the [Ca2+]i after at tainment of the peak value was found to be dependent on the extracellular Ca2+. When extracellular Ca2+ was absent, [Ca2+]; rapidly decreased to its original resting level (Fig. 2) . However, in the presence of a physiological concentration of extracellular Call, the decline in [Ca2+]i was marginally slower and attained a final steady state. As shown in Figs. 4 and 5, addition of epinephrine to perfused livers caused the activation of glycogenolysis and respiration concomitant with increased Ca 2+ efflux. These results indicated clearly that the increased cytosolic free Cal' by epinephrine was released easily to the ex tracellular space. In contrast to the epine phrine stimulation, the maximal level of [Ca2+]; produced by DNP stimulation was maintained for more than 10 min, and the increase of [Ca2+], was not markedly in fluenced by the omission of extracellular Call (Fig. 2) The liver was perfused with Ca 2+-free oxygenated buffer, and 20 nM epinephrine (Epi) was infused for 3 min as shown by the arrows. Epinephrine infusion was repeated 3 times, and then DNP (0.1 mM) was infused for 5 min. Glucose output and Ca 2+ efflux were measured as described in the legend to Fig. 4 .
Stimulation of the a, -adrenergic receptor mobilizes Call from both intracellular stores and the extracellular space via activation of the phosphatidylinositol metabolism (7, 8).
Recent reports indicated that inositol tri phosphate which was produced from phosphatidylinositol by phospholipase C re leased Call from the intracellular Call store and i nositol 1,3,4,5-tetrakisphosphate con verted from inositol 1,3,4-triphosphate stimulated Call influx from the extracellular space (24, 25). Parts of the increased cytosolic free Call probably moves to the ex tracellular matrix (Fig. 4) , and Ca2+-ATPase in the plasma membrane may function to effect this Ca2+-efflux (26). Thus, stimula tion of epinephrine may have caused ATP consumption in order to activate Call_ ATPase, which led to the stimulation of oxygen consumption for ATP synthesis.
It is generally accepted that there is con tinuous cycling of Cal' across the mitochon drial inner membrane through the operation of the separate uptake and efflux pathway (27, 28). This cycle is energy consuming, and especially, uptake of Call is an electrophoric uniporter mechanism.
When the uncoupler disturbed the proton gradient across the mitochondrial inner membrane and inhibited ATP production, Call uptake was depressed and Cal' effluxed into the cytosolic com partment from the mitochondrial matrix (6 Call to the cytosol (5). If Ca2+-ATPase functioned to efflux the cytosolic Call to the extracellular matrix as described above, the decrease in the cellular ATP level by DNP depressed the en zyme function, which led to the maintenance of [Ca2+]i for a long time after DNP stim ulation.
From these results, it is clear that epine phrine and DNP both mobilized Call from intracellular Call stores. Although the in tracellular Call store that was influenced by DNP was thought to be in the mitochondria, the location of the a,-adrenergic agonist responsive Call store has not been exactly defined (30, 31). Reinhart et al. (14) and Shears and Kirk (32) tried to determine both mitochondria) and endoplasmic reticulum Call content by a rapid cellular fractionation technique.
However, the Ca 2+ distribution may have been altered artificially during the cellular fractionation process. In this study, we applied a nondestructive method to de termine the epinephrine and DNP-dependent release of Ca2+ from intracellular stores. DN P stimulated glucose production was observed in isolated perfused liver even after depletion of the epinephrine-responsive Call store by repetitive treatment with epinephrine (Fig. 5) . In this experiment, the possibility that a, adrenergic receptor was desensitized by re peated pulses of epinephrine was excluded because epinephrine induced glycogenolysis could be detected repeatedly after repeated pulses of epinephrine in isolated liver per fused with Ca2+-containing buffer (M. Tohkin and T. Matsubara, unpublished re sults). These results demonstrated that cel lular Cal mobilized by epinephrine was not derived from the uncoupler-sensitive mito chondrial store, suggesting that the epine phrine-responsive intracellular Ca 21 store was located in the endoplasmic reticulum. Recently, we reported that this store was small compared with the basal Ca 21 content in isolated perfused liver (13). This study showed that it was smaller than the mitochon drial store because the maximal increase of cytosolic free Ca2+ was about 300 nM with epinephrine stimulation, but was 1 ,uM with DNP stimulation.
